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Abstract. Dwarf spheroidal galaxies are among the best environments that can be stud-
ied with Cherenkov telescopes for indirect searches of γ-ray signals coming from dark
matter self-interaction (annihilation or decay), due to their proximity and negligible back-
ground emission. We present new determinations of the dark-matter amount – i.e. the
astrophysical factors J and D – in dwarf-galaxy halos obtained through the MCMC Jeans
analysis of their brightness and kinematic data. Such factors are of great importance to
test the performances of the next-generation γ-ray instruments such as the Cherenkov
Telescope Array in detecting dark-matter signals from astronomical environments, or
constraining the limits to dark-matter physics parameters (particle mass and lifetime, an-
nihilation cross section).
1 Introduction
The problem of establishing the nature of Dark Matter (DM; [1]) is one of the major open challenges in
modern astrophysics. Several efforts, both on the side of elementary particles (e.g. Weakly Interacting
Massive Particles, WIMPs; [2]) and macroscopic objects (Massive Compact Halo Objects, MACHOs;
[3]), have been made to identify plausible DM candidates. However, the parameter space covered by
such candidates ranges over several orders of magnitude in masses and cross sections [4]. The current
framework for the astronomical searches for DM signals is based on the possibility that DM particles
self-interact via annihilation or decay to produce final-state γ-ray photons [5] whose detection is
potentially at reach of next-generation Cherenkov telescopes such as the Cherenkov Telescope Array
(CTA; [6]). Here we present new estimates of the DM content in the dwarf spheroidal galaxies (dSphs;
[7]), which appear to be the best observational targets for indirect DM searches in terms of proximity
and lack of background emission [8, 9]. In particular, we focus our analysis on the classical dSph
Draco I (Dra I) and the ultra-faint Coma Berenices (CBe), Canes Venatici I (CVn I), Segue 1 (Seg
1), Reticulum II (Ret II) and Triangulum II (Tri II). With respect to previous works, all of the results
shown here are obtained with a common methodology for all targets, and will be included, along with
other promising dSphs, in a future comprehensive publication on this research topic.
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Figure 1: Best-fit brightness profiles Σ(R) of the analyzed dSphs as a function of the object’s projected (2D) radial coordinate
R from the dSph centroid. In each panel, the projected 3D profile resulting from the fit (red line) is shown superimposed to the
corresponding data set (black dots; [10–14]).
2 Indirect DM detection in the γ-ray domain
The γ-ray flux expected from DM self-interaction depends on the type of DM reaction, the mass of
the DM particle and the amount of DM along the line of sight. In case of annihilation of two DM
particles, the latter quantity is summarized into the astrophysical factors for DM annihilation J(∆Ω)
or decay D(∆Ω):
J(∆Ω) =
∫
∆Ω
dΩ
∫
l.o.s.
ρ2DM(`,Ω)d` (1)
D(∆Ω) =
∫
∆Ω
dΩ
∫
l.o.s.
ρDM(`,Ω)d` (2)
Several attempts to get such values with increasing accuracy exist in the literature [15–19]. Here
we present new determinations of the astrophysical factors for six of the best dSphs known to date
in the field of DM indirect searches, based on the procedure described in [16] which exploits the
capabilities of the Markov-Chain Monte Carlo (MCMC) Jeans analysis performed by the CLUMPY code
[20]. At variance with them, we adopt a common framework for the treatment of surface-brightness
and kinematic data sets of the analyzed dSphs, including the most promising newly-discovered targets.
2.1 Input priors and data sets for the CLUMPY set-up
The CLUMPY software allows to perform the dynamical analysis of the DM halos around dSphs assum-
ing that such galaxies can be considered steady-state collisionless systems in spherical symmetry and
with negligible rotation, in which the contribution of the stellar component to the total mass can be
neglected. In these conditions, their second-order Jeans equation [24] can be solved to obtain the DM
density profile ρDM(r) along the object’s 3D radial coordinate r, once parametric forms of the stellar
number density, radial velocity dispersion and velocity anisotropy are given. We follow the prescrip-
tion by [25], fitting the brightness density n∗(r) of each galaxy with a 3D Navarro-Frenk-White (NFW)
profile [26] projected onto the corresponding surface brightness (see Fig. 1 and Tab. 1) and adopting
an Einasto profile [27] for ρDM, so as to be directly comparable with the majority of the values of J
and D available in the literature. For the dSph stellar kinematics, we use the same data sets of [16],
[22] and [23], also adopting the definition of stellar membership probabilities P by [16].
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Table 1: Top: best-fit parameters – heliocentric distance d [21]; 3D brightness scale density ρ∗s , radius r∗s and profile indexes;
dSph virial radius Rvir; 3D DM density scale ρs, radius rs and index α [16] – for the six analyzed dSphs, classified for type
(‘cls’: classical, ‘uft’: ultra-faint). Bottom: logarithmic astrophysical factors log J and logD for DM self-interaction, computed
at their optimal angles (αJ = 2r∗s /d or αD = r∗s /d respectively) and at 0.5 deg for a direct comparison with the literature
[16, 22, 23].
Name Type d ρ∗s r∗s α∗ β∗ γ∗ Rvir ρs rs α
(kpc) (105 L kpc−3) (kpc) (kpc) (106 M kpc−3) (kpc)
CBe uft 44 ± 4 3.7 ± 1.7 0.092 ± 0.008 3.8 3.8 1.4 4.2+14.5−2.7 37+54−28 1.0+4.6−0.7 0.64+0.25−0.29
CVn I uft 218 ± 10 2.15 ± 0.50 0.568 ± 0.033 3.2 3.8 0.2 12.2+3.2−4.0 2.5+6.7−1.4 1.9+2.8−1.1 0.32+0.32−0.45
Dra I cls 76 ± 6 470 ± 140 0.170 ± 0.016 2.8 3.8 0.2 2.68+0.45−0.32 85+68−29 0.28+0.33−0.20 0.41+0.23−0.21
Ret II uft 30 ± 3 157 ± 24 0.023 ± 0.003 3.2 3.8 0.4 1.7+5.9−1.1 65+220−50 0.41+2.36−0.34 0.56+0.29−0.27
Seg 1 uft 23 ± 2 13 ± 11 0.034 ± 0.007 3.6 3.8 0.8 0.28+1.94−0.23 1.6+22.7−1.3 0.32+4.02−0.25 0.53+0.33−0.26
Tri II uft 30 ± 2 45 ± 24 0.020 ± 0.002 3.6 3.2 0.2 6.2+15.0−4.7 800+2070−660 0.64+1.76−0.55 0.52+0.32−0.27
αJ log J(αJ) log J(0.5 deg) αD logD(αD) logD(0.5 deg)
(deg) (GeV2 cm−5) (deg) (GeV cm−2)
CBe 0.24 19.1+0.7−0.6 19.4
+0.9
−0.7 0.12 17.7
+0.6
−0.4 18.7
+0.7
−0.6
CVn I 0.30 17.1+0.2−0.2 17.2
+0.2
−0.2 0.15 17.0
+0.1
−0.1 17.6
+0.2
−0.2
Dra I 0.26 18.6+0.1−0.2 18.6
+0.1
−0.1 0.13 17.4
+0.1
−0.1 18.0
+0.1
−0.1
Ret II 0.09 18.6+0.5−0.5 19.3
+0.9
−0.7 0.05 16.9
+0.4
−0.3 18.5
+0.7
−1.0
Seg 1 0.17 16.3+2.1−2.1 16.7
+2.3
−2.5 0.09 16.0
+1.2
−1.2 17.0
+1.4
−2.2
Tri II 0.08 20.8+0.6−0.5 21.6
+1.0
−0.9 0.04 17.8
+0.5
−0.4 19.6
+0.8
−1.0
2.2 Astrophysical factors from the MCMC spherical Jeans analysis of the dSph halos
We run 10 MC chains with 104 realizations each for every target, choosing the unbinned likelihood
analysis [25]. We then derive the distribution of virial radii Rvir for each galaxy from the output
profiles as made by [16]. Finally, we compute the profiles of J(αint) and D(αint) as functions of the
integration angle αint by running the CLUMPY executable over the posterior distributions of the DM
profile parameters. In Tab. 1, we report the values of the astrophysical factors obtained in this way for
different integration angles, in order to favor a direct comparison with the results already available in
the literature. In Fig. 2, we also show the profiles of J and D for the dSph with the highest expected
DM amount (Tri II) and that with the most robust DM halo parameters (Dra I).
Figure 2: Left panels: DM-annihilation astrophysical factor profiles J(αint) as functions of the integration angle αint for the
most massive halo (Tri II) and the halo with the most robust parameter determination (Dra I). Right panels: equivalent profiles
D(αint) for DM decay.
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3 Discussion
Our MCMC examination of the first six DM halos in a completely uniform framework of input data
allows us to produce J and D values for dSphs in agreement with the literature. The most discrepant
result is J(0.5 deg) for Dra I, which is offset by a factor of ∼4 from e.g. the value given by [16].
Nevertheless, CLUMPY is only able to perform a spherical Jeans analysis of the DM halos, thus not
taking into account additional uncertainties arising from a possible halo triaxiality (∼0.4 dex). We
also note that, within the analyzed data sets, the dSph Tri II is potentially observable with CTA as a
single targets in ∼100 h integration. However, the limited statistics available on its stellar kinematics
(which is also possibly contaminated by binary stars [28]) prevents to draw any firm conclusion,
again emphasizing the importance of collecting good and clean stellar data for such targets in order to
evaluate them as viable candidates for DM searches with Cherenkov telescopes.
References
[1] F. Zwicky, Ac. H. Ph. 6, 110 (1933)
[2] E. Aprile, J. Aalbers, F. Agostini, et al., Ph. Rv. L. 121, 111302 (2018)
[3] P. Tisserand, L. Le Guillou, C. Afonso, et al., A&A 469, 387 (2007)
[4] L. Roszkowski, Pramana 62, 389 (2004)
[5] M. Cirelli, G. Corcella, A. Hektor, et al., JCAP 3, 051 (2011)
[6] CTA Consortium, Science with the Cherenkov Telescope Array (World Scientific Pub., 2019)
[7] L.E. Strigari, J.S. Bullock, M. Kaplinghat, et al., Nature 454, 1096 (2008)
[8] N.W. Evans, F. Ferrer, S. Sarkar, Ph. Rv. D 69, 123501 (2004)
[9] M. Doro, J. Conrad, D. Emmanoulopoulos, et al., A. Ph. 43, 189 (2013)
[10] M. Irwin, D. Hatzidimitriou, MNRAS 277, 1354 (1995)
[11] N.F. Martin, J.T.A. de Jong, H.W. Rix, ApJ 684, 1075 (2008)
[12] R.R. Muñoz, M. Geha, B. Willman, AJ 140, 138 (2010)
[13] K. Bechtol, A. Drlica-Wagner, E. Balbinot, et al., ApJ 807, 50 (2015)
[14] B.P.M. Laevens, N.F. Martin, R.A. Ibata, et al., ApJL 802, L18 (2015)
[15] V.A. Acciari, T. Arlen, T. Aune, et al., ApJ 720, 1174 (2010)
[16] V. Bonnivard, C. Combet, M. Daniel, et al., MNRAS 453, 849 (2015)
[17] A. Geringer-Sameth, S.M. Koushiappas, M. Walker, ApJ 801, 74 (2015)
[18] G.D. Martinez, MNRAS 451, 2524 (2015)
[19] K. Hayashi, K. Ichikawa, S. Matsumoto, et al., MNRAS 461, 2914 (2016)
[20] M. Hütten, C. Combet, D. Maurin, Co. Ph. C. 235, 336 (2019)
[21] A.W. McConnachie, AJ 144, 4 (2012)
[22] V. Bonnivard, C. Combet, D. Maurin, et al., ApJL 808, L36 (2015)
[23] A. Genina, M. Fairbairn, MNRAS 463, 3630 (2016)
[24] J. Binney, S. Tremaine, Galactic Dynamics: Second Edition (Princeton University Press, 2008)
[25] V. Bonnivard, C. Combet, D. Maurin, et al., MNRAS 446, 3002 (2015)
[26] J.F. Navarro, C.S. Frenk, S.D.M. White, ApJ 490, 493 (1997)
[27] J. Einasto, Tr. Alm. 5, 87 (1965)
[28] E.N. Kirby, J.G. Cohen, J.D. Simon, et al., ApJ 838, 83 (2017)
